A modular system for assaying the activity of transcriptional regulatory signals based on herpes simplex virus (HSV) promoter and terminator sequences linked to the bacterial chloramphenicol acetyltransferase (CAT) gene has been used to study activation of HSV immediate early (IE) gene expression. Insertion of the SV40 72 base pair (bp) repeat increased mRNA levels by 15-fold thus demonstrating the ability of the HSV IE promoter to respond to a heterologous enhancer. A fragment containing part of the intergenic region located between HSV-2 immediate early (IE) genes-3 and -4/-5 increased mRNA levels by 5-fold in response to transactivation by an HSV virion structural polypeptide. The HSV activator fragment increased mRNA levels by 2-fold in the absence of transactivation indicating that cellular proteins are involved in IE gene expression. From HSV-l/HSV-2 DNA sequence comparisons we previously proposed that a DNA sequence, consensus TAATGARAT, present upstream of all HSV-1 and HSV-2 IE genes was required for the co-ordinate induction of IE genes. We show here that a synthetic oligonucleotide containing TAATGARAT conferred the ability to stimulate CAT activity only on transactivation: two copies of TAATGARAT stimulated expression by 2-fold while six copies gave an 8-fold increase. This activation, which was not dependent on orientation of the TAATGARAT sequence, directly demonstrates that TAATGARAT is a component of the IE gene activation sequence.
ABSTRACT
A modular system for assaying the activity of transcriptional regulatory signals based on herpes simplex virus (HSV) promoter and terminator sequences linked to the bacterial chloramphenicol acetyltransferase (CAT) gene has been used to study activation of HSV immediate early (IE) gene expression. Insertion of the SV40 72 base pair (bp) repeat increased mRNA levels by 15-fold thus demonstrating the ability of the HSV IE promoter to respond to a heterologous enhancer. A fragment containing part of the intergenic region located between HSV-2 immediate early (IE) genes-3 and -4/-5 increased mRNA levels by 5-fold in response to transactivation by an HSV virion structural polypeptide. The HSV activator fragment increased mRNA levels by 2-fold in the absence of transactivation indicating that cellular proteins are involved in IE gene expression. From HSV-l/HSV-2 DNA sequence comparisons we previously proposed that a DNA sequence, consensus TAATGARAT, present upstream of all HSV-1 and HSV-2 IE genes was required for the co-ordinate induction of IE genes. We show here that a synthetic oligonucleotide containing TAATGARAT conferred the ability to stimulate CAT activity only on transactivation: two copies of TAATGARAT stimulated expression by 2-fold while six copies gave an 8-fold increase. This activation, which was not dependent on orientation of the TAATGARAT sequence, directly demonstrates that TAATGARAT is a component of the IE gene activation sequence.
INTRODDCTION
Synthesis of mRNAs from a number of eukaryotic cellular and viral genes is modulated in response to a variety of stimulating factors which include heat shock (1-3), steroid hormones (4-6), heavy metal ions (7) (8) (9) , light (10) and viral polypeptides (11) (12) (13) (14) (15) (16) (17) . The effects of these factors appear to be mediated through the recognition of cis-acting regulatory signals for which consensus sequences have been derived.
Similarly, transcription of the HSV IE mRNAs, a set of genes expressed immediately following virus infection and in the absence of de novo protein synthesis, is stimulated by a virus-encoded 65,000 mol wt polypeptide (18) , a component of the virus tegument (19) (20) (21) (22) (23) . The virion component of HSV-2 can transactivate HSV-1 IE genes (22) , suggesting that the two serotypes share common IE regulatory sequences.
There are five major IE mRNAs whose genome locations are equivalent in HSV-2 and HSV-1 (24) and comparison of the 5' flanking sequences of the HSV-2 IE genes with their HSV-1 counterparts has revealed several discrete blocks of conserved DNA sequences (25, 26) . One such conserved block, with the consensus TAATGARAT, is present as several copies and in both orientations upstream from IE genes, usually beyond -llObp from the mRNA cap site: in the upstream regions of the nine HSV IE genes for which DNA sequence data are available, 14 copies of the homology are present (20, 26, 27) . In contrast, the TAATGARAT motif has not been found in the DNA sequences upstream from the HSV early and late genes (28) (29) (30) (31) (32) .
DNA fragments which contain TAATGARAT can confer an IE pattern of regulation on the thymidine kinase (TK) gene which is an HSV-1 early function (19, 22) and plasmids with HSV-1 IE upstream sequences which contain deletions such that they no longer include TAATGARAT do not activate transcription from a linked promoter on superinfection (33) . We have previously suggested that the conserved TAATGARAT motif may be the component of the IE activator sequence recognised by the virion polypeptide thereby mediating co-ordinate induction of the IE gene group (25, 26) however, the precise DNA sequences required for IE stimulation have not been functionally identified.
In the present study, we have developed a versatile cloning system based on modular DNA fragments which contain HSV promoter and terminator sequences linked to the bacterial CAT (34) gene. The CAT enzymatic marker provides a rapid indirect assay of transcriptional activity in eukaryotic cells, and the availability of unique cloning sites upstream from the promoter fragment allows the easy insertion of putative cis-acting DNA sequences whose effects on mRNA transcription can be tested. A unique EcoRI site within the CAT coding sequences is suitable for nuclease SI analysis, thus changes in CAT activity can be directly correlated with mRNA levels. To demonstrate the application of this system, and to determine whether TAATGARAT is indeed the HSV IE activator sequence, three DNA fragments were separately inserted upstream from the promoter fragment, namely: 1) the SV40 72bp repeat region, a heterologous enhancer (35, 36) , 2) an intergenic region between HSV-2 IE mRNAs-3 and -4/-5 which contains IE regulatory sequences, 3) a synthetic oligonucleotide containing a TAATGARAT motif. The resultant constructs were tested for their ability to respond to superinfection by the HSV-1 temperature sensitive (ts) mutant, tsK (37, 38) , which supplies the transactivating virion component. The HSV-1 mutant tsK has a mutation in IE gene-3 and does not synthesise early or late gene products at the non-permissive temperature.
MATERIALS AND METHODS

Cloning procedures
The host bacterium was E.coli K12 strain JM83 and the cloning vectors used were pUC8 and pUC9 (39) . Construction of the pLW plasmids is described in Results and the relevant features of these constructs are illustrated in Figs 1 and 2.
Both strands of the synthetic 20-mer oligonucleotide 5'-TAGACGGTAATGAGATACTC-3' were obtained from Celltech, Slough. Prior to insertion into the Hindi site of pLW2, the single strands were phosphorylated and annealed by cooling slowly overnight from 80°. The orientation and copy number of the synthetic oligonucleotide in the pSYN plasmid series was determined by DNA sequencing using the method of Maxam and Gilbert (40) . Calcium phosphate transfection and virus infection HeLa cells were grown as monolayers on 9 0mm Petri dishes in Dulbecco's modified Eagle's medium supplemented with 2.5% foetal calf serum (Flow Laboratories) and 2.5% calf serum. Subconfluent HeLa cells were transfected (41) with calcium phosphate precipitates containing lOug of the pLW or pSYN plasmids and the cells were maintained at 38.5° following transfection. In experiments where nuclease SI analysis was performed, lOug of pB(244+)B, a B-globin plasmid (42) , was co-transfected with the pLW plasmids. At 24h after addition of the CaP04 precipitates the medium was removed and replaced with 15ml of pre-warmed, fresh medium.
To perform HSV-1 tsK infections HeLa cells were infected with virus at a multiplicity of infection (moi) of 20 plaque forming units (pfu) per cell. At 24h post-infection addition of the CaP04 precipitates, the medium was removed and virus was added to the cells in 5ml pre-warmed medium. After absorption for lh, a further 10ml of fresh medium was added and the cells were harvested 24h post-infection.
HSV-2 IE RNA was prepared by infecting HeLa cells with HSV-2 (strain HG52) at a moi of 10 pfu per cell in the presence of cycloheximide as described previously (24) . Radiolabelling of DNA fragments DNA fragments were 5'-labelled as described previously (43) .
To generate single-stranded DNA probes, the end-labelled fragments were denatured and electrophoresed on a 5% polyacrylamide gel at 4° (44) . RNA isolation and structural analysis of mRNAs Cytoplasmic cellular fractions were prepared and RNA was isolated as described (24) .
Structural analysis of mRNAs was performed using the nuclease SI procedure (45, 46) . 5'-labelled DNA probes and 15-20ug of cytoplasmic RNA were mixed in a buffer containing 50% (v/v) formamide (deionised with Amberlite monobed resin MB-2), 400mM NaCl, 40mM PIPES pH6.8 and lmM EDTA to a final volume of 30ul. This mixture was heated to 9 0° for 3min and then incubated at 4 2° for 16h. Prior to nuclease SI treatment, the hybridisation mixtures were quenched in ice.
Nuclease SI digestion was performed at 30° for 2-3h in 30ul of 400mM NaCl, 40mM sodium acetate pH4.5, lmM ZnSC>4 with 5000 units of nuclease SI. Following phenol/chloroform extraction and ethanol precipitation, the nuclease Sl-resistant hybrids were electrophoresed on a 6% denaturing polyacrylamide gel. CAT assays Cell extracts were prepared as described by Gorman et al (34) .
The levels of CAT activity were measured by incubating aliquots of cell extracts in a mixture (volume 90ul) containing chloramphenicol was resuspended in 30ul ethyl acetate and spotted onto 0.25mm silica gel thin layer chromatography plates. Ascending chromatography was performed in 9 5% chloroform: 5% methanol, after which the chromatograms were autoradiographed. The fraction of converted 14 C chloramphenicol was calculated by cutting out the spots corresponding to acetylated and non-acetylated chloramphenicol which were counted in a scintillation counter. Protein content of the extracts was measured using the Folin method (47) . CAT activities were expressed as nmoles chloramphenicol converted/ h/ug protein.
RESOLTS
A transcription unit which encodes CAT constructed from modular DNA elements A 773bp Taql fragment containing the translational initiation and termination codons of the CAT gene was inserted into the Accl site of pUC8 to give plasmid pUC8CAT. This plasmid does not contain the eukaryotic transcriptional signals necessary for the synthesis of functional poly A + RNA.
Therefore, HSV 5 1 and 3 1 flanking control sequences were inserted upstream and downstream respectively of the CAT coding sequences in pDC8CAT.
Transcription initiation was directed by a 210bp SmaI/Sau3A fragment from the HSV-2 IE gene-4/-5 promoter (Fig 1A) which comprises 119bp of mRNA leader sequence and 91bp of 5 1 flanking sequences (Pig IB); the 119bp do not contain an ATG triplet, and the first initiation codon lies within the CAT gene. The 5 1 flanking sequences contain a TATA homology and two relatively inverted copies of a CCGCCC sequence thought to be important in promoter function (26, 48) . The promoter fragment was inserted upstream from the CAT coding sequences between the Smal and BamHI restriction sites of pUCSCAT to give plasmid nT.Wi .
The terminator fragment was a lOObp flush-ended Smal/Xbal fragment from the 3 1 terminus of HSV-2 IE gene-5 ( Fig 1A) .
This fragment contains an AATAAA signal and located 8bp downstream from the poly A site is the sequence TGTGTTGC which fits the 3' terminal consensus sequence YGTGTTYY (49) except in one position. The terminator was inserted downstream from the CAT gene into the flush-ended Hindlll site of pLWl to yield plasmid pDGC13.
Plasmid pDGC13 contains only one unique restriction site, Smal, upstream from the promoter. To extend the ability to clone into pDGC13, the Xmnl/Smal fragment containing the promoter/CAT/tenninator modules was fused to the pUC9 Xmnl/Smal fragment which possesses most of the pUC9 unique cloning sites. This fusion yielded pLW2 (Fig 1A) which contains unique Hindi 11, Hindi, Sail, AccI and Smal sites upstream from the promoter fragment; plasmid pLW2 was the parental plasmid for the remaining constructs.
The HSV regulatory signals direct the synthesis of correctlyprocessed mRNA Plasmids pLWl and pUC8CAT do not contain all the transcription signals required to synthesise correctlyprocessed mRNA (49) and therefore do not produce detectable CAT activity in Hela cells, (data not shown). However, CAT enzyme activity is readily detectable from plasmid pLW2 which contains HSV promoter and terminator modules. To characterise the pLW2 transcripts, nuclease SI analysis was performed with cytoplasmic RNA from pLW2-transformed cells. The DNA probe was a 225bp Hindlll/BamHI fragment from pLW2 which was 5'-labelled at the BaraHI site; this site delimits the junction between the promoter module and the fragment containing the CAT coding sequences (Fig 1) . Following hybridisation of the probe to pLW2 RNA and to IE RNA from HSV-2 infected cells, the resultant hybrids were digested with nuclease SI and run on a denaturing polyacrylamide gel (Fig 3) .
Protected DNA fragments of identical size found with pLW2 RNA (Fig 3, track 11 ) and with HSV-2 IE mRNA (Fig 3, track 10 ) indicate that the cap sites used in pLW2 are identical to those of HSV-2 IE mRNAs-4/-5 (50); thus transcription is initiated at the correct position in pLW2. The location of the 3' terminus of pLW2 RNA has been reported previously (49) and is identical to that of HSV-2 IE mRNA-5. Therefore, the plasmid-borne 5' and 3' regulatory sequences direct synthesis and processing of RNA in a way which faithfully reflects their activity in the viral genome.
The HSV-2 promoter responds to a heteroloqous cia-actinq enhancer A virus enhancer function has been located to a 72bp repeat region on the SV40 genome; this element regulates SV40 early mRNA synthesis and modulates the transcription from most but not all heterologous promoters. The ability of plasmid pLW2 to respond to cis-acting regulatory signals was tested by inserting the SV40 enhancer element upstream from the promoter. A flush-ended EcoRI/BamHI fragment containing the SV40 72bp repeat region was inserted into the Hindi site of pLW2; the resultant plasmid was pLW3. The levels of CAT mRNA transcribed from pLW3 were compared with those from pLW2 using nuclease SI analysis. The DNA probe was a single-stranded Hindlll/EcoRI fragment, 5'-labelled at the EcoRI site within the CAT coding sequences, which was hybridised to pLW2 and pLW3 cytoplasmic RNA. Protected DNA fragments of 365bp (Fig 3, tracks 1-4 ) positioned the CAT mRNA 5' terminus at the correct cap site. Quantitatively, pLW3 produced 15-fold more CAT-specific mRNA than pLW2 (Fig 3 compare tracks 2 and 4) . Therefore, the SV40 enhancer increases transcription from the HSV-2 promoter fragment indicating that this promoter responds to heterologous regulatory signals.
A cis-acting HSV activator fragment stimulates transcription in HSV-infected and uninfected cells
The DNA sequences which increase IE transcription are separable from the signals necessary to initiate mRNA synthesis and have been located in the intergenic region between HSV-1 IE mRNAs-3 and -4/-5 (19, 22) . From the equivalent HSV-2 intergenic region, a 181bp Bgll/Avall activator fragment ( Fig  2B) was blunt-ended and inserted into the Hindi site of pLW2 in both orientations. The resultant plasmids pLW4 and pLW5 are shown in Fig 2A. Plasmid pLW4 has two copies of TAATGARAT orientated towards the CAT gene and one copy in the inverse orientation. Plasmid pLW5 has the activator fragment cloned in the inverse orientation hence, the TAATGARAT sequences are orientated in the opposite direction to those of pLW4. To determine the response of the CAT gene cartridge in the different plasmids under IE conditions, plasmids pLW2, pLW4 and pLW5 were transfected into HeLa cells and, where appropriate, the cells were infected with the HSV-1 mutant, tsK, which supplies the transactivating virion component. HSV-1 tsK contains a lesion in IE Vmwl75, a polypeptide which is essential for the synthesis of the HSV early and late genes (51) .
The levels of CAT activity from pLW2, which does not contain any IE activator sequences, were not stimulated by infection with tsK (Table 1) . However, tsK infection stimulated the CAT activity in pLW4-and pLW5-transformed cells by approximately 4-fold for both plasmids, indicating that the increase in CAT activity did not depend on the orientation of 
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3. the IE activator fragment with respect to the CAT gene.
To verify that the stimulation of CAT activity was due to an increase in mRNA levels, RNA was extracted from cells transfected with the pLW plasmids and used for nuclease SI analysis. Again, a single-stranded Hindlll/EcoRI DNA probe, 5'-labelled at the EcoRI site, was hybridised to RNA from pLW-transfonned cells (Fig 3, tracks 1-9 ). The validity of the comparative pLW RNA data was assessed by co-transfecting, together with the various pLW plasmids, a B-globin construction [pB<244+)^] (42) which contains the rabbit ^-globin gene linked to the polyoma virus enhancer. A strand-separated DNA probe, 5'-labelled at a BstNI site, was used to estimate J3-globin mRNA levels* this BstKI site is lecsted in the first oxen cf the B-globin gene at approximately 130bp from the mRNA 5' terminus.
Densitometric analysis of the protected DNA fragments in Fig 3 indicated that superinfection with tsK doubled the quantity of mRNA produced by plasmids pLW2 (Fig 3, tracks 1 and 2) and pLW3 (Fig 3, tracks 3 and 4) as compared to the levels in uninfected cells. The amount of B-globin mRNA also was increased 2-fold following virus infection. This increased transcription from plasmids lacking activator sequences could reflect a limited gene expression directed by IE polypeptides Analysis of the mRNA 5 1 termini produced by the pLW plasmids. The DNA probes used in tracks 1-9 were a Hindlll/EcoRI fragment, 5'-labelled at the EcoRI site (Fig 1A) to determine the pLW mRNA 5 1 termini and a 5'-labelled BstNI fragment to detect the the ^-globin mRNA 5' termini. The DNA probe used in tracks 10-12 w^s a Hindlll/BamHI fragment, 5'-labelled at the BamHI site located between the promoter and CAT fragments (Fig 1A) . RNA samples shown; tracks 1, 2 and 11 are pLW2 RNA; tracks 3 and 4 are pLW3 RNA; tracks 5 and 6 are pLW4 RNA; tracks 7 and 8 are pLW5 RNA; tracks 9 and 12 are mock-infected RNA; track 10 is HSV-2 early RNA. RNA samples in tracks 1, 3, 5 and 7 were isolated from cells infected with HSV-1 tsK. Molecular weight markers (M) were 0X174 DNA cleaved with Ddel. Table 2 Effect of tsK Activation on the Synthetic Sequence or may be due to leakiness of the V mw 175 mutation in tsK-infected cells: infection with wild type HSV-1 stimulates transcription from plasmid-borne HSV and plasmid-borne cellular genes (13) . Plasmids pLW4 and pLW5, which contain the HSV-2 intergenic fragment, gave a 2-to 3-fold increase in mRNA levels in the absence of tsK infection ( As the TAATGARAT DNA sequence may be involved in the activation of IE mRNAs, a synthetic oligonucleotide (sequence 5'-TAGACGGTAATGAGATACTC-3') which contains the TAATGARAT consensus sequence was inserted into the Hindi site of pLW2 as single and multiple copies and in both orientations. Five plasmids, the pSYN series, were used in DNA transfection studies and the number of copies and orientations of the oligomer in these plasmids as determined by DNA sequencing are shown in Table 2 ). In uninfected cells, the CAT activities from the pSYN plasmids (ranging from 0.4-1.0nmoles chloramphenicol converted/h/ug protein) were similar to that obtained with pLW2; no increase in CAT activity was conferred by the TAATGARAT sequence in the absence of tsK infection. The CAT activity from plasmids with one copy (pSYN2) or two copies (pSYN3) of the oligomer present in the direct orientation was increased by 2-to 3-fold following tsK infection; plasmids containing one copy (pSYNl) and two copies (pSYN4) in the inverse orientation were stimulated to a similar extent (Table  2) .
Furthermore, the presence of six copies in pSYN5 markedly increased CAT expression by 8-fold in tsK-infected cells.
DISCUSSION
We have shown that functional CAT enzyme can be produced in eukaryotic cells from pLW constructs containing HSV transcription control signals linked to the bacterial CAT gene. The HSV control signals function and the pLW mRNA is correctly initiated and terminated. Linkage of the SV40 72bp repeat increased mRNA transcription thus demonstrating the ability of the HSV-2 IE mRNA -4/-5 promoter to respond to heterologous regulatory signals.
We used this system to study the role of the TAATGARAT consensus sequence in the activation of HSV IE genes. The pLW2 construct does not respond to tsK superinfection, indicating the absence of any functional IE regulatory signals. However, the presence of an HSV-2 activator fragment located upstream from the promoter markedly increased CAT enzyme activity and mRNA synthesis following tsK superinfection. We have previously noted (26) that the HSV-2 activator fragment contains several copies of TAATGARAT as well as other conserved GC-and GA-rich sequences. A synthetic oligonucleotide containing the TAATGARAT sequence activated transcription, only upon superinfection, confirming that this sequence has a direct role in the viral induction of IE mRNA synthesis.
The orientation of the activator fragment did not affect the observed increase in CAT levels; orientation-independent activation by HSV-1 DNA fragments containing TAATGARAT sequences has been shown using HSV-1 TK as an assayable gene product (52, 53) . However, the virus DNA activator fragments used in this and other studies contained multiple copies of the TAATGARAT sequence in both orientations, thus it has been unclear whether the inverse orientation of TAATGARAT stimulates transcription. Our comparisons between the increase in CAT activities with plasmids pSYNl and pSYN2 or pSYN3 and pSYN4 indicates that both orientations of TAATGARAT are functional.
Results obtained with the pSYN plasmid series show that six copies of the TAATGARAT motif raised the level of stimulation to 8-fold suggesting an additive effect. Activation of plasmid pSYN5, which contains six copies of the synthetic sequence, was greater than that of either pLW4 or pLW5 whose activator fragment, derived from viral DNA, contains three copies of TAATGARAT. However, in making comparisons between the activation levels of plasmids containing the viral activator fragment with those containing the synthetic sequence it should be noted that sequences adjacent to TAATGARAT may influence the level of activation (33, 54) and, further, not all copies of TAATGARAT may be functional. Individual virus TAATGARAT homologues do not invariably confer an IE pattern of regulation on heterologous promoters (54), possibly as a result of the flanking sequences (21).
Our results show that HSV IE activation is mediated by TAATGARAT which is probably recognised by the virion transactivating polypeptide; this sequence may therefore serve as the molecular definition of an IE gene. Nevertheless, cellular proteins are likely to be involved in IE gene expression as evidenced by the 2-fold increase in mRNA levels nhow! hy nlasmififl nT.w4 and nLW5 (containing the viral activator fragment) in the absence of taK infection; this increase was not routinely reflected in the CAT levels. An HSV-1 activator fragment, from the same intergenic region but with a different sequence content to the HSV-2 activator fragment used here, increased cellular transformation from a TK~ to a TK + phenotype in the absence of any viral gene products leading Lang et al (52) to suggest that this HSV-1 fragment contains an enhancer. A similar situation occurs in the glucocorticoid response element of mouse mammary tumour virus; here the enhancer functions without glucocorticoid stimulation but its activity is greatly increased by the steroid hormone (55) . Thus, the degree of activation directed by the entire HSV-activator element appears to be determined, at least in part, by a second class of regulatory element which is likely to be found in many enhancers and promoters and possibly is represented in the HSV-2 DNA fragment used here by the conserved GC-rich and GA-rich sequences. For example, one sequence found upstream from IE genes and upstream from HSV early and late promoters is CCGCCC which comprises part of the recognition/binding site for the cellular protein Spl (56) . Deletion studies (33) indicate that the HSV-1 upstream GC-rich sequences do indeed alter the magnitude, but not the specificity, of the IE response.
Hormonal activation of cellular genes parallels the activation of HSV IE genes, and analysis of the cellular sequences responsible for hormonal stimulation has identified conserved AT-rich elements (5) which lie upstream from mRNA 5 1 termini: the sites at which progesterone receptors bind to DNA are adjacent to these AT-rich sequences (57) . Future studies on the interaction of virus and cellular proteins with TAATGARAT and its flanking sequences will be useful not only for the elucidation of the mechanism of HSV IE gene activation but also may contribute towards the understanding of cellular gene activation.
